Listeria monocytogenes is a Gram-positive intracellular pathogen and the causative agent of human listeriosis. While the ability of L. monocytogenes to enter and survive in professional phagocytes is critical to establish a successful infection, mechanisms of invasion are poorly understood. Our previous investigation into the role of type I interferon-stimulated genes in bacterial infection revealed that the human immunoglobulin receptor FcγRIa served as a L. monocytogenes invasion factor. FcγRIa-mediated L. monocytogenes entry occurred independently of immunoglobulin interaction or bacterial internalins. However, the bacterial determinants that mediate FcγRIa interaction remain unclear. Using a comparative genomics approach, we identify actin assembly-inducing protein ActA as a pathogen specific ligand of FcγRIa. FcγRIa enhanced entry of pathogenic L. monocytogenes and L. ivanovii strain but not non-pathogenic L. innocua. We found that the major virulence regulator PrfA is required for pathogen entry into FcγRIa-expressing cells and identify its gene target actA as the critical Listeria ligand. ActA alone was sufficient to promote entry into FcγRIa-expressing cells, and this function is independent of its actin nucleating activity. Together, these studies present an unexpected role of ActA beyond its canonical function in actin-based motility and expand our understanding of Listeria strategies for host cell invasion.
Introduction
Intracellular bacterial pathogens have evolved a variety of strategies to facilitate entry into host cells, which provide a rich source of nutrients and protect from extracellular host defense and clearance (1).
Bacterial uptake by non-professional phagocytic cells occurs primarily through zipper and trigger-based mechanisms. "Zippering" takes place when a bacterial surface protein interacts with a specific host cell receptor, resulting in cytoskeletal rearrangements, vacuole formation, and subsequent engulfment of the pathogen. Bacteria employing a trigger mechanism bypass the interaction with host surface receptors. Instead, bacterial secretion systems deliver effector proteins across cellular membranes, directly engaging intracellular machinery of the host to regulate actin dynamics and promote invasion by macropinocytosis. While these mechanisms encompass general strategies of invasion by pathogens, each bacterial species encodes unique repertoires of virulence factors to co-opt host internalization pathways.
The opportunistic intracellular pathogen Listeria monocytogenes (Lm) is one of the most wellcharacterized bacteria that uses the zipper mechanism to enter non-phagocytic epithelial cells and hepatocytes (2) . The major Lm invasins belong to the internalin protein family and mediate proteinprotein interactions through characteristic N-terminal leucin-rich repeats. For example, internalin A (InlA) and internalin B (InlB) interact with and activate their respective host plasma membrane receptors, E-cadherin and c-Met, resulting in phagocytosis of Lm by a variety of cell types (3, 4) . In addition to epithelial cells and hepatocytes, Lm invades and survives in professional phagocytes. These cells not only serve as a niche for Lm survival and replication but also facilitate transmission to internal tissues (5) . Lm uptake by phagocytic cells is thought to occur through C3bi and C1q complement receptors and phagocyte scavenger receptors (6, 7) . However, alternative mechanisms of phagocytic cell invasion have not been characterized in detail.
Recently, we reported that interferon-inducible receptor FcγRIa promotes Lm invasion of human monocytic cells (8) . FcγRIa (also known as CD64) is a high-affinity immunoglobulin G receptor (IgG) receptor, expressed on the surface of monocytes, macrophages, and activated neutrophils (9) . FcγRIa itself lacks any known signaling motifs, and upon binding to IgG-opsonized pathogens interacts with the accessory immunoreceptor tyrosine-based activation motif (ITAM)-containing γ-chain (FcεRIg). The γ-chain is then phosphorylated and serves as docking site for intracellular signaling molecules. This allows for FcγRIa-induced downstream events, including pathogen uptake and destruction as well as production and release of inflammatory mediators (10). Strikingly, we previously found that Lm is internalized by FcγRIa-expressing cells independently of antibody interaction or ITAM-mediated signaling, hallmarks of IgG-opsonized particles uptake. Additionally, this process did not involve wellcharacterized host Lm internalization receptors (E-cadherin and c-Met) or bacterial surface internalins (InlA and InlB) (8) . Thus, FcγRIa-mediated Lm entry occurs through a non-canonical mechanism.
Interestingly, while FcγRIa enhanced internalization of pathogenic Lm, we did not observe increased infection rates of FcγRIa-expressing cells with other intracellular pathogens, including Shigella flexneri and Salmonella Typhimurium (8) , suggesting that a Lm-specific factor was involved. However, the identity of this putative FcγRIa-interacting bacterial protein remained unknown.
Here, we set out to identify molecular determinants governing Lm-FcγRIa interaction. Predicting that the bacterial ligand of FcγRIa would be a Listeria specific virulence factor, we found that FcγRIa does not mediate entry of a nonpathogenic L. innocua but enhances internalization of a ruminant pathogen L. ivanovii. Consistent with this observation, FcγRIa-mediated Lm entry required expression of PrfA, the major activator of Listeria virulence. We further identified the PrfA-dependent actin assembly-inducing protein ActA as necessary for FcγRIa-mediated Lm entry. Moreover, ActA was sufficient to promote particle uptake by FcγRIa-expressing cells, suggesting that it directly engages FcγRIa on the cell surface. These findings support an alternative Lm uptake mechanism by FcγRIa and highlight the role of ActA in host cell invasion.
Results

FcγRIa-mediated Lm internalization is blocked by human Fc protein
We previously established that ectopic expression of FCGR1A in HEK293A cells was sufficient to reconstitute FcγRIa-mediated Lm internalization independently of E-cadherin and c-Met expression, as well as immunoglobulin opsonization of bacteria (8) . Here, we employed this simplified system to investigate the molecular interplay involved in Lm cellular invasion through FcγRIa. We hypothesized that Lm directly engages FcγRIa to trigger internalization. To test this possibility, control and FcγRIa-expressing HEK293A cells were pretreated with excess amounts of recombinant Fc protein (referred to as Fc block) to occupy available surface FcγRIa and prevent interaction with Lm. A short-term infection protocol was used to specifically assess Lm internalization (11) . Lm was first incubated with the cells for 1.5 hours to allow initial invasion, and then media was supplemented with gentamicin for 1 hour to kill non-internalized bacteria. Infected cells were lysed to release and quantify colony forming units (CFU) of internalized Lm. As shown in Fig. 1A , Fc block did not significantly affect Lm uptake by the canonical c-Met-mediated internalization pathway in control cells. However, Lm internalization by the FcγRIa pathway was severely abrogated by Fc block (Fig. 1A) , indicating that direct bacteria-receptor interaction is indeed required for Lm uptake by FcγRIa.
FcγRIa-mediated internalization is specific to pathogenic Listeria species
Our previous studies demonstrated that FcγRIa did not promote cellular uptake of intracellular bacteria S. flexneri or S. Typhimurium. Additionally, FcγRIa did not confer an invasive phenotype to L. innocua, a non-pathogenic Listeria species closely related to Lm (8) . These findings suggest that a bacterial Fcγ receptor ligand is specific to pathogenic Listeria and potentially provides an advantage in survival and dissemination during infection. To test this hypothesis, we assessed FcγRIa-mediated internalization of L. ivanovii, the only other pathogenic Listeria species. This bacterium encodes a Listeria pathogenicity island 1 (LIPI-1) with 75% DNA similarity to LIPI-1 found in Lm and undergoes the same intracellular lifecycle stages (12) . However, unlike Lm, L. ivanovii is primarily known to cause infection in ruminants with only several human cases reported to date (13) (14) (15) . Consistent with previous studies, FcγRIa increased cellular invasion of Lm 12.7-fold but failed to confer invasiveness to non-pathogenic L. innocua (Fig. 1B) . Importantly, internalization of L. ivanovii was reproducibly potentiated 3.8-fold in presence of FcγRIa as compared to control luciferase-expressing cells (Fig. 1B) . This phenotype was further confirmed by visualizing infection foci formed by invading Lm and L. ivanovii in HEK293A cell monolayers. As expected, the number of L. ivanovii infection foci was significantly increased in presence of FcγRIa, similar to that of Lm ( Figs 1C and 1D ). Together, these findings corroborate our initial hypothesis that the FcγRIa-interacting bacterial protein is shared by pathogenic Listeria and is not expressed by related non-pathogenic species.
In Listeria, transition from a saprotrophic free-living bacterium to an intracellular pathogen is mediated by the transcriptional activator positive regulatory factor A (PrfA) that controls virulence gene expression. Consistent with its role in virulence, PrfA is present in both Lm and L. ivanovii but not L.
innocua (16, 17) . We next asked whether FcγRIa-mediated Lm uptake required expression of PrfAdependent proteins. The prfA-deficient Lm strain exhibited decreased internalization in control luciferase-expressing cells (Fig. 1E) , likely due to the reduced expression of InlA and InlB (18) .
Importantly, FcγRIa failed to potentiate uptake of this mutant Lm (Fig. 1E) , suggesting that expression of the bacterial FcγRIa-interacting protein is encoded by a PrfA-regulated gene.
ActA is necessary for Lm uptake by FcγRIa
PrfA induces expression of approximately 70 genes, with a core set of 12 positively regulated genes, each proceeded by a PrfA box (19) . This core group includes PrfA itself and the major virulence factors InlA, InlB required for host cell invasion, LLO, PlcA, and PlcB responsible for vacuolar escape of Listeria, metalloprotease Mpl involved in phospholipase maturation, secreted InlC implicated in protrusion formation during bacterial cell-to-cell spread, hexose phosphate transporter Hpt required for uptake of phosphorylated carbohydrates within host cytoplasm, and actin-assembly inducing protein ActA. Finally, products of PrfA-upregulated genes lmo2218 and lmo0788 have not been characterized (19) (20) (21) (22) (23) (24) (25) (26) (27) (Fig. 2A) . We predicted that the bacterial ligand of FcγRIa would be associated with Lm surface to facilitate interaction with host cells. As shown in Fig. 2A , only three of the candidate PrfA-upregulated genes are associated with the Lm surface via a single anchoring domain (InlA, InlB, ActA). Therefore, we first tested if FcγRIa expression increased invasion levels of Lm lacking these genes. Consistent with our prior observations (8) , Lm ΔinlAΔinlB exhibited increased internalization in presence of FcγRIa, indicating that InlA and InlB were not required for FcγRIa-mediated Lm invasion (Fig. 2B ). In contrast, uptake of Lm ΔactA was not increased by FcγRIa (Fig. 2B) , suggesting potential involvement of ActA in FcγRIa-mediated Lm invasion. This finding is additionally strengthened by the observation that three other core PrfA-dependent proteins LLO, PlcA and PlcB were dispensable for Lm internalization via FcγRIa (Fig. 2C ).
Lm surface protein ActA has been primarily characterized as a mediator of F-actin-driven intracellular Lm motility, facilitating dissemination of bacteria throughout the infected tissue (28) . ActA deficiency renders Lm incapable of intracellular motility and intercellular spread and results in microcolony formation in initially infected cells (29) . One potential explanation of the requirement for ActA would be that FcγRIa acts on cell-to-cell spread and its effect is therefore eliminated in the absence of actin-based motility. Short-term infection assays, which allowed us to quantify Listeria invasion before any significant amount of cell-to-cell spread occurred, suggested that FcγRIa mediated an increased infection phenotype exclusively by potentiating primary Lm internalization (Fig. 2B ).
However, to further rule out any potential interference of actin-based motility via ActA, we treated FcγRIa-expressing and control cells with actin-destabilization drug cytochalasin D 1 hour following initial Lm invasion. While bacterial cell-to-cell spread was blocked, FcγRIa-mediated increase in Lm infection was preserved, confirming our prior observations and suggesting a novel actin-independent function of ActA (Fig. 2D ).
To verify requirement for ActA in Lm invasion, we complemented Lm ΔactA with a single copy of actA with its proximal promoter (30) . Expression of actA rescued actin-mediated motility in a cell-tocell spread deficient Lm ΔactA as observed by actin comet tail formation (Fig. 2E) . Importantly, introduction of actA also restored FcγRIa-mediated internalization to the level of wild type Lm (Fig. 2F ), confirming requirement of ActA for Lm uptake by FcγRIa. FcγRIa also increased invasion of L. ivanovii (Fig. 1B) , which expresses an actin-assembly inducing protein iActA. L. ivanovii iActA and Lm ActA share only 34% amino acid identity, however, the overall protein architecture is conserved along with several regions of close homology (31, 32) . Further, we complemented Lm ΔactA with iactA and its proximal promoter. Notably, both actin-based motility and FcγRIa-mediated internalization were restored with introduction of iActA (Figs 2G and 2H). Taken together, these results suggest that ActA is a key protein involved in FcγRIa-mediated Listeria uptake.
ActA is sufficient for Lm uptake by FcγRIa
We next sought to determine if ActA was sufficient to promote Lm entry via FcγRIa or whether other bacterial proteins present in both Lm and L. ivanovii were involved. We used passive absorption to coat 1-μm-diameter carboxylated polystyrene beads with purified His-tagged extracellular domain of ActA and measured their uptake by FcγRIa-expressing HEK293A cells. Similar approaches have been successfully used to study Lm invasion, for example, to confirm the role of internalin A in Lm internalization by E-cadherin expressing cells (33) . In addition, we previously reconstituted human IgG-coated bead uptake by FcγRIa in nonprofessional phagocytic cells (8) . Here, polystyrene beads were preincubated with ActA-His and MBP-His as a control for 1 hour and washed in BSA-containing blocking buffer. As shown in Fig. 3A , both proteins were efficiently absorbed by the beads. ActA-or MBP-His-coated beads were then incubated with FcγRIa or luciferase-expressing cells at 37°C to allow bead binding and internalization. After 1.5 hours, cells were placed on ice to inhibit bead entry and stained with anti-His tag antibodies without permeabilization to distinguish between cell-associated and internalized beads (Fig. 3B) . While only low background levels of internalization were observed for either type of beads in luciferase-expressing cells, FcγRIa facilitated uptake of ActA-coated but not MBP-coated beads (35.33±1.606% compared to 5.746±0.616%, n=3 independent replicates) (Figs 3C and 3D). Further, specificity of the uptake was confirmed by incubating cells with Fc block prior to addition of ActA-His-coated beads to occupy available surface FcγRIa. Similar to the entry of ActAexpressing Lm (Fig 1A) , Fc block treatment inhibited FcγRIa-mediated uptake of Act-His-coated beads (Fig 3E) . Collectively, these data indicate that ActA is sufficient to induce FcγRIa-dependent internalization.
Actin nucleation ability of ActA is dispensable for Lm invasion via FcγRIa
ActA has recently emerged as a multifunctional virulence factor, implicated in epithelial cell invasion, phagosome escape, and autophagy evasion in addition to its well-established role in actin-based motility and bacterial cell-to-cell spread (28, 34) . To distinguish between ActA function in cytoplasmic motility and its newly identified role in FcγRIa-mediated entry, we asked whether Lm strains expressing actA mutants with abrogated actin nucleating activity preserved their ability for FcγRIa-dependent invasion. ActA encodes a cofilin homology region between residues 135 and 165 that is homologous to the proteins of the Wiscott-Aldrich Syndrome protein (WASP) family and is critical for actin-based motility (35) . Within the cofilin region, the 146 KKRRK 150 motif is essential for recruitment of actinnucleation complex Arp2/3, allowing ActA to serve as an actin nucleation-promoting factor (36-39) (Fig.   4A ). As expected, Lm expressing a minimal (Δ146-150) as well as a full deletion of the cofilin homology region (Δ135-165) did not form actin comet tails and failed to disseminate in the monolayer of HEK293A cells (Fig. 4B) . However, these strains readily invaded FcγRIa-expressing cells, with an increase in invasion of 9.23 and 8.49-fold, respectively, compared to luciferase-expressing cells (Fig.   4C ). We concluded that ActA function in FcγRIa-mediated invasion is independent of its role in actin nucleation and cell-to-cell spread. (Fig. 4D) . These results suggest that multiple regions within the N-terminal region of ActA (amino acids 31-165), excluding the cofilin homology domain are required for FcγRIa-mediated internalization.
Discussion
We previously identified FcγRIa as an interferon-stimulated gene involved in Lm uptake by myeloid cells (8) . FcγRIa-mediated uptake of Lm proceeded through a novel mechanism, independent of IgG opsonization or canonical signaling through the immunoreceptor tyrosine-based activation motif (ITAM).
However, it remained unclear how Lm recognized FcγRIa for internalization. Here, we establish ActA, an actin assembly-inducing protein, as a bacterial surface ligand employed by Lm to promote uptake by FcγRIa-expressing cells. Our genetic and biochemical experiments provide compelling evidence that ActA is both necessary and sufficient for FcγRIa-dependent Lm internalization independently of its actin-nucleation function.
Suspecting a role of FcγRIa-mediated Lm uptake in Lm virulence, we narrowed down the search for a bacterial determinant of Lm-FcγRIa interaction to PrfA-activated genes. Among those, actA was identified as the primary candidate for Lm internalization by FcγRIa. ActA was first described in 1992 as a PrfA-regulated gene product, required for Lm-induced actin assembly and cellular dissemination (26, 29) . Since then the mechanism of Lm actin-based motility has been characterized in detail (37, 40, 41) . However, a growing number of reports indicate that in addition to its canonical role in cytosolic motility and cell-to-cell spread, ActA contributes to other stages of Lm infection (28). For example, it was found to be involved in Lm adhesion and invasion of various cell types, potentially though interacting with heparan sulfate proteoglycans (HSPG) on the host cell surface (42, 43 of ActA, such as proline-rich repeats might be involved.
One potential complication of our model is that ActA expression was originally believed to be restricted to the host intracellular environment due to its regulation by PrfA (51, 52) . However, its expression is controlled by two distinct promoters, only one of which is PrfA-dependent (53).
Accumulating evidence suggests that ActA is expressed in the gut lumen during initial adhesion, prior to invasion (47, 54) . Therefore, it is possible that under in vivo conditions ActA would be expressed by extracellular bacteria, promoting internalization via FcγRIa-expressing myeloid cells.
A key question that emerges from our work is how ActA contributes to Lm internalization by FcγRIa. Here, we uncovered ActA as necessary and sufficient for FcγRIa-mediated Lm internalization, however, whether these proteins serve as the primary receptor pair remains unclear. Our previous study demonstrated that transmembrane and intracellular domains of FcγRIa were dispensable for receptor-mediated Lm internalization (8) . Therefore, we predict that a co-receptor initiating downstream signaling and FcγRIa uptake is likely to be involved. Our current data suggest direct interaction of ActA and FcγRIa, since ActA-coated polystyrene beads were internalized similarly to ActA-expressing bacteria. It is also possible that a multiprotein interaction involving a co-receptor is occurring. Thus, in the future, it will be critical to determine whether such accessory protein is indeed involved and if ActA directly binds FcγRIa and/or the co-receptor. In addition, it will be important to pinpoint the downstream signaling events, mediating Lm-FcγRIa internalization.
In summary, our results uncover an unexpected new role of ActA in Lm invasion through a human immunoglobulin receptor FcγRIa. This study strengthens our understanding of FcγRIa-mediated
Lm uptake mechanism and adds to a growing number of ActA contributions to a successful Lm lifecycle.
Experimental procedures Bacterial culture
Bacterial strains used in this study are listed in Table 1 . All Listeria strains were maintained in Brain Heart Infusion (BHI) media (Difco, BD Biosciences) with appropriate antibiotics (see Table 1 ). All Lm strains were streptomycin resistant (up to 200 μg/ml). Escherichia coli strains (DH5 alpha, SM10, and BL21(DE3)) were maintained in Luria-Bertani (LB) media with appropriate antibiotics (see Table 1 ).
Mammalian cell culture
HEK293A (kindly provided by Jack Dixon, UC San Diego) and CDH1/MET-deficient HEK293A (clone P4E4) cells (previously described in (8)) were maintained in Dulbecco's Modified Eagle Medium (DMEM) (Gibco), supplemented with 10% Fetal Bovine Serum (FBS) (Gibco) and non-essential amino acids (NEAA) (Gibco). pPL1-actA and pPL1-iactA were generated as previously described (30) . Briefly, actA gene and its proximal promoter were cloned into pPL1 using primers described in (30) pET28-6xHis-MBP-6xHis was provided by the Alto laboratory.
DNA constructs
Generation of lentiviral pseudoparticles
Lentiviral pseudoparticles were generated as previously described (55) .
Lentiviral transduction
Lentiviral transduction was performed as previously described (8) . Briefly, cells were seeded in 24-well tissue culture plates at a density of 7x10 4 cells per well and transduced the following day with lentiviral pseudoparticles via spinoculation at 1,000 x g for 45 min in medium containing 3% FBS, 20mM HEPES and 4 μg/ml polybrene. 6 h after spinoculation, pseudoparticle-containing media was removed and replaced with full cell culture medium, containing 10% FBS and NEAA. For subsequent assays, cells
were split 48 h -72 h after transduction.
Bacterial conjugation
Conjugation was used to introduce pPL1 integration vectors into L. monocytogenes. Briefly, pPL1
derived plasmid constructs were first chemically transformed into E. coli strain SM10 (56) by using standard procedures. Transformed SM10 (donor) were grown at 30°C with shaking to mid-log phase (optical density at 600 nm, OD600 ~ 0.6) in LB medium supplemented with 25 μg/ml of chloramphenicol. Recipient phage-cured L. monocytogenes were grown at 30°C with shaking to midlog phase in antibiotic-free BHI medium. Donor culture (250 μl) was harvested by centrifugation and washed twice with antibiotic-free BHI before combining with the recipient culture (150 μl). The mixture was plated on BHI plates and incubated at 30°C for at least 12 h. Following incubation, bacteria were streaked out into 150 μl sterile water, and 20 μl of resulting suspension plated on BHI plates supplemented with 7.5 μg/ml of chloramphenicol and 50 μg/ml of streptomycin. The plates were then incubated at 37°C for 36 h. Individual colonies were picked and screened by PCR for integration with primers PL14 and PL61 (30) .
Listeria infection
Listeria was inoculated from a frozen stock and grown for 13 h at 30°C in BHI media with appropriate antibiotics without shaking. 1 ml of bacteria was then washed in phosphate buffer saline (PBS) and resuspended in 1 ml of PBS. Bacteria were then added to each well of cells to achieve a multiplicity of infection (MOI) of 5 (unless otherwise stated in the corresponding figure legend) and incubated for 90 min at 37°C, 5% CO 2 . Culture media was then removed and replaced with media supplemented with 25 μg/ml gentamicin (Quality Biological) and cells incubated at 37°C, 5% CO 2 for 1 h. Following Listeria infection, mammalian cells were washed three times with PBS and then lysed by incubating in 0.5%
Triton X-100 / PBS for 5 min at room temperature, followed by vigorous pipetting to complete the lysis.
Intracellular bacterial burden was determined by plating serial dilutions of suspension on BHI-agar plates, incubating at 37°C overnight, and counting bacterial colony forming units (CFU) the next day.
Additionally, serial dilutions of bacterial culture used for infection were plated to obtain the inoculated For cytochalasin treatment experiment, cells were infected with wild type GFP-expressing Lm for 1 hour, followed by treatment with 1 μM cytochalasin D (Cayman Chemical) and 25 μg/ml gentamicin.
Samples were processed in 24-well plates 6 hours after treatment as described earlier and imaged using Nikon Eclipse Ti Fluorescence Microscope. Total of 64 images were acquired per well, which covered >90% of the well area.
Agarose overlay assay
Agarose overlay assays were performed as previously described (8) .
Protein purification
ActA-His: ActA (1-613)-6xHis was purified as previously described (37) . Briefly, 10 ml of BHI media supplemented with 4 μg/ml chloramphenicol was inoculated with DP-L2723 from a frozen stock. Culture was incubated at 37°C for 12 h with shaking. Resulting culture was then used to inoculate 400 ml of BHI media (4 μg/ml chloramphenicol) and grown at 37°C for 12 h with shaking. Bacteria were then To evaluate protein absorption, beads were resuspended in Laemmli Sample buffer (Bio-Rad) with 2-mercaptoethanol and boiled for 5 min at 95°C. Beads were then pelleted by centrifugation and supernatant analyzed by SDS-PAGE (following standard protocols).
Statistical analysis
All experiments were performed as three independent replicates, unless otherwise stated. For experiments where only two groups of samples were compared, unpaired t-test was used to determine if difference between groups was statistically significant. To determine statistical significance in experiments with three or more groups of samples, one-way analysis of variance (ANOVA) with Dunnett's procedure for multiple comparisons was used. Data analysis was performed in GraphPad ΔactA, Lm ActA Δ31-165, Lm ActA Δ31-58, Lm ActA Δ60-101, and Lm ActA Δ60-165 invasion of
